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Abstract. The energy distribution of electrons injected into acceptor states on the surface of TiO2 was 
measured with femtosecond two-photon photoemission. Shape and relative energetic position of these 
distribution curves with respect to the corresponding donor states, i.e. of perylene chromophores in the 
first excited singlet state attached via different bridge–anchor groups to the TiO2 surface, were compared 
with the predictions of different theoretical models for light-induced ultrafast heterogeneous electron 
transfer (HET). Gerischer’s early scenario for light-induced HET was considered and two recent explicit 
calculations, i.e. a fully quantum mechanical analytical model and a time-dependent density functional 
theory model based on molecular dynamics simulations for the vibrational modes were also considered. 
Based on the known vibrational structure in the photoionization spectrum of perylene in the gas phase 
and that measured in the linear absorption spectra of the perylene chromophores anchored on the TiO2 
surface the energy distribution curves for the injected electrons were fitted assuming the excitation of the 
dominant 0⋅17 eV vibrational mode in the ionized perylene chromophore leading to a corresponding 
Franck–Condon dictated progression in the energy distribution curves. Each individual peak was fitted 
with a Voigt profile where the Lorentzian contribution was taken from the time-resolved HET data and 
the Gaussian contribution attributed to inhomogeneous broadening. The measured room temperature  
energy distribution curves for the injected electrons are explained with the fully quantum mechanical 
model for light-induced HET with the high energy, 0⋅17 eV, skeletal stretching mode excited in the ion-
ized perylene chromophore. The corresponding energy distribution of the injected electrons is fully  
accommodated in acceptor states on the TiO2 surface fulfilling the wide band limit. 
 
Keywords. Fully quantum mechanical model; Gerischer model; heterogeneous electron transfer; femto-
second two-photon photoemission; ultrafast dynamics. 
1. Introduction 
Light-induced heterogeneous electron transfer (HET) 
involves the transfer of an electron from the excited 
electronic state of a chromophore to the surface of a 
semiconductor or metal. It is a fundamental process 
in photoelectrochemistry,
1
 it is utilized in the AgBr 
photographic process
2
 and in the dye-sensitized solar 
cell.
3
 Experimental systems have been investigated 
that consisted in most cases of chromophores like 
Ru-bipyridyl with additional ligands
3
 or of aromatic 
dye molecules like perylene,
4
 in both cases the 
chromophore was covalently linked to an acidic  
anchor group, e.g. –COOH, and the latter chemi-
sorbed on the surface of the wide bandgap semicon-
ductor TiO2. Ultrashort injection times of a few 
femtoseconds have been reported for such experi-
mental systems when exposed to ultra high vac-
uum
5–7
 and also to the laboratory ambient.
8,9
 The 
time scale of the HET process can be shifted to the 
picosecond range.
10,11
 The general case of light-
induced HET is realized if the ground state of the 
molecular donor is located in the wide bandgap of a 
suitable semiconductor and the excited state of the 
molecular donor above the lower conduction band 
edge.
1
 In order to preserve monomeric behaviour the 
perylene chromophores were equipped with two 
bulky lateral spacer groups.
4,6
 The characteristic  
vibrational structure of the monomer was indeed 
maintained in the linear absorption spectra when 
these modified perylene chromophores, labelled Pe’ 
in the following, were adsorbed on the surface of 
TiO2.
12
 Ultrashort injection times of a few femtosec-
onds require that the chromophores are positioned 
sufficiently close to the surface of the semiconduc-
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tor. In the above cases this was realized by the  
–COOH anchor group which inserts the –C–O-link 
between the organic chromophore and the TiO2 sur-
face.
3,7,13
 Recently, light-induced HET was time-
resolved also on a metal electrode with perylene 
chromophores attached via the –CH2–SH anchor 
group to the Ag(110) surface yielding an injection 
time in the range of 10 fs.
14
 Rigid ring structures 





 can be used as electronic 
tunneling barriers to slow down HET. Similar ring 
structures have been used earlier to slow down elec-
tron transfer in donor–bridge–acceptor mole-
cules.
16,17
 The electronic interaction at the interface 
can be enhanced if a shorter bond is formed between 
the chromophore and the semiconductor than is rea-
lized by the –COOH anchor group. For example, the 
chromophore catechol binds directly via its two 
oxygen atoms to one or two Ti atoms on the TiO2 
surface.
18,19
 The thus formed molecular complex 
gives rise to optical transitions where the electron is 
lifted from the catechol ground state directly into the 
many empty electronic states on the TiO2 surface 
from where the electrons escape to bulk states of 
TiO2.
20
 Direct optical charge transfer transitions 
have been studied extensively for donor–acceptor 
pairs in the gas phase and in solution,
21
 specifically 
also a molecular complex formed between three 
catechol moieties and one Ti-ion.
22
 Direct optical 
charge transfer is completely different from light-
induced HET since in the latter case on photon  
absorption the electron stays localized on the chro-
mophore prior to the electron transfer step. For  
example, the first excited singlet state of perylene 
attached via the –COOH anchor group extends only 
very little onto the TiO2 surface.
13
 The yield of these 
two different electron injection mechanisms has 
been compared directly making use of a double 
chromophore consisting of perylene covalently 
linked to catechol and the latter chemisorbed on the 
TiO2 surface. It turned out that direct optical charge 
transfer from the ground state of the catechol moiety 
has much smaller oscillator strength than optical  
excitation of the first excited singlet state of pery-
lene.
23
 Thus, light-induced HET is the more efficient 
process and consequently more attractive for device 
applications than direct optical charge transfer tran-
sitions. 
 Recently, two different mechanisms have been 
discussed for ultrafast light-induced HET. A non-
adiabatic HET mechanism without restriction in the 
electronic coupling strength follows from a fully 
quantum mechanical model for both the electronic 
and the nuclear coordinates.
24–27
 A system of  
reduced dimensions is considered. In order to obtain 
quantitative predictions important parameters of this 
model have to be determined from a fit to experi-
mental data. Alternatively, parameter values for the 
model can be obtained also from independent ab ini-
tio calculations.
13,28
 On the other hand, an adiabatic 
HET mechanism has been derived from time-
dependent ab initio DFT calculations
29
 where a para-
meter fit is not required. The TDDFT model is based, 
however, on a classical treatment of the nuclear co-
ordinates. Hitherto, three different types of experi-
mental data are available that can be compared with 
predictions of the theoretical models. Firstly, differ-
ent ultrashort injection times of the Pe’ chromo-
phore that are controlled by different anchor–bridge 
groups,
6,7
 secondly, different line-widths in the lin-
ear absorption spectra of the Pe’ chromophore when 
attached to TiO2 via different anchor–bridge groups,
12
 
Thirdly, different orientations of the Pe’ chromopho-
res when attached via different anchor groups to the 
rutile TiO2(110) surface.
30
 In this paper, energy dis-
tribution curves for the injected electrons are com-
pared with the predictions of different theoretical 
models for light-induced HET.
24–27,29,31,32
 The energy 
distribution curves for the injected electrons were 
obtained applying surface science techniques com-
bined with optical spectroscopy, in particular femto-




Details concerning sample preparation, Ultraviolet 
Photoemission Spectroscopy (UPS) and two-photon 
photoemission (2PPE) used to obtain the data for 
this work have been described already in our earlier 
papers.
7,20
 It is sufficient to summarize here some 
important points. Several different ultra-high vacuum 
(UHV) chambers, each equipped with a load-lock 
port, were employed for preparing and characteriz-
ing the samples. A mobile UHV chamber served as 
the shuttle for transporting the samples between the 
different UHV chambers, thereby maintaining ultra-
high-vacuum conditions. The bare TiO2(110) crystal 
surface was cleaned via sputtering and annealing  
cycles. The perylene molecules with the different 
bridge–anchor groups were adsorbed from solution 
onto the TiO2(110) surface. This preparation step was 
carried out in a specifically designed UHV chamber 
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allowing for an easy switch between UHV condi-
tions and exposure of the electrode to an inert gas 
atmosphere and then to a liquid solution. The pery-
lene chromophores were always equipped with two 
lateral spacer groups, tertiary butyl, and the thus 
modified chromophore is labelled Pe’. The adsorp-
tion geometry of the Pe’ chromophores anchored 
with different groups on the rutile TiO2(110) surface 




 The 2PPE signals were measured with femto-
second resolution applying a pump–probe technique 
which makes use of two ultrashort laser pulses. The 
pump and the probe pulse were shifted against each 
other on the time axis with the help of an optical  
delay stage. 2PPE was chosen as the pump–probe 
technique since it provides the necessary sensitivity 
for addressing femtosecond lifetimes in a molecular 
monolayer on a planar surface. The laser pulses en-
tered the UHV chamber through a quartz window at 
an angle of 45° with respect to the TiO2(110) sur-
face. The laser system was driven by a commercial 
Ti:sapphire oscillator followed by a 150 kHz regen-
erative amplifier. Two non-collinear optical para-
metric amplifiers (NOPAs) generated ultrashort 
pulses and their frequency doubled output supplied 
photons with two different central wavelengths, i.e. 
440 nm (2⋅82 eV) for the pump and 280 nm (4⋅43 eV) 
for the probe.
33
 The photoemitted electrons were de-
tected with a time of flight spectrometer (TOF) where 
the arrival time is a measure of the kinetic energy of 





Figure 1. Pseudo 3D map of a 2PPE measurement with 
Pe’ achored via the propionic acid anchor–bridge group 
on the rutile TiO2 (110) surface. Details are explained in 
the text. 
mental cross-correlation function was obtained as a 
2PPE signal measured on a polycrystalline gold sur-
face where the intermediate state is known to have a 
short enough lifetime not to add to the width of the 
cross correlation function. The 2PPE signals col-
lected on a given sample can be arranged in the form 
of a pseudo three-dimensional plot where different 
signal amplitudes are represented by plateaus of dif-
ferent gray shades (colours) and the two axes of the 
plot are: the time elapsed after a reference time 
(time zero) and the kinetic energy of the photoemit-
ted electrons. A corresponding pseudo three-
dimensional plot is shown in figure 1 for Pe’  
anchored via propionic acid on the rutile TiO2 (110) 
surface. It is clear from figure 1 that a cross section 
cut parallel to the time axis will yield the transient 
behaviour of the 2PPE signal whereas a cross sec-
tion cut parallel to the energy axis will represent the 
energy distribution at the respective time where the 
cross section meets the time axis. 
 Linear absorption of adsorbed perylene chromo-
phores was measured with the Bruker spectrometer 
IFS66v combined with an ultra-high-vacuum cham-
ber for the sample. Details of the set-up have been 
described before.
34
 Compared to our earlier IR studies 
two things were changed to perform linear absorp-
tion measurements in the visible spectral range: the 
IR detector was replaced by a detector for visible 
light (Si diode) and direct transmittance was meas-
ured in place of the ATR multi-pass arrangement for 
the earlier IR studies.  
3. Results and discussion 
3.1 Vibrational structure in the linear absorption 
spectrum 
Figure 2 presents data points (open spheres) of the 
linear absorption spectrum for the Pe’ chromophore 
attached via the propionic acid to the rutile TiO2 
(110) surface. The data points were obtained as the 
difference of transmittance signals measured in the 
absence and presence of the chromophores. The 
drawn-out curve is a fit to the experimental data 
points, i.e. the curve is a Voigt spectrum consisting 
of a Gaussian of 145 meV FWHM and a Lorentzian 
of 23 meV FWHM. The latter value was fixed  
according to the measured HET time of 47 fs for this 
system (see below). The halfwidth of the Gaussian 
was obtained from the best fit to the experimental 
data. 
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 The linear absorption spectrum of the same chro-
mophore measured on a colloidal anatase layer of 
TiO2
35 is shown for comparison (dash-dotted curve). 
The latter data was obtained as a smooth curve since  
the inner surface of the nano-structured anatase 
layer probed by the light beam was several hundred 
times larger than the surface area probed on the 
rutile single crystal. The linear absorption spectrum 
of the same perylene compound dissolved in a mix-




1) is also shown for 
comparison (dashed curve). The following conclu-
sions can be drawn from the data shown in figure 2. 
The linear absorption spectrum of perylene anchored 
via –(CH2)2–COOH on the rutile TiO2 (110) surface 
showed one clear vibrational peak with the maxi-
mum slightly red-shifted from the maximum for the 
spectrum measured in the above solvent,
35
 it was 
slightly more red-shifted from the maximum mea-
sured on the TiO2 layer composed of anatase col-
loids.
12
 The width of the vibrational peak measured 
on rutile TiO2 (110) is dominated by inhomogeneous 
broadening considering the halfwidth for the Gaus-
sian of 145 meV compared to the half-width for the 
Lorentzian of 23 meV. We attribute this significant 
inhomogeneous broadening on the surface of the 
rutile single crystal to variations in the local envi-
ronments to which the individual perylene chromo-
phores in the ensemble are exposed. Figure 2 shows 
that the inhomogeneous broadening on the rutile sur-
face is of the same order of magnitude as that on  





Figure 2. Linear absorption data (open spheres) for Pe’ 
chromophores anchored via propionic acid on the rutile 
TiO2 (110) single crystal surface. Other information con-
tained in this figure is explained in the text. 
very similar time constants on the two different 
stoichiometric TiO2 crystal surfaces, i.e. of anatase 
and rutile.
7
 Due to the 0⋅2 eV larger band gap
36
  
and the much thinner colloidal anatase sample com-
pared to the thick rutile single crystal one can meas-
ure all the vibrational peaks of perylene on the 
surface of anatase
35
 whereas only the first vibra-
tional peak can be identified on the surface of rutile 
(figure 2). Fitting only one peak on rutile compared 
with four peaks on anatase is of course less reliable. 
Thus, we refrain from interpreting apparent numeri-
cal differences in the fit to the one peak measured on 
rutile compared to the four peaks measured on ana-
tase. The important result in figure 2 is the occur-
rence of one clear vibrational peak in the linear 
absorption spectrum with a similar width as obser-
ved on anatase. The absorption peak due to the  
adsorbed perylene chromphores can be separated 
from the onset of the band to band transition in the 
rutile crystal only if the peak is not broader than in 
the above system. For example, with the –COOH 
anchor group instead of propionic acid the line-
broadening of the Lorentzian is much stronger in 
agreement with the much shorter injection time of 
9 fs (compare below) or 10 fs
6
 for the latter com-
pound so that the vibrational structure is lost in the 
absorption spectrum.
12
 It should be noted that a 
much stronger inhomogeneous broadening than  
observed in figure 2 could also wash out the vibra-
tional structure in a corresponding experimental  
system. 
3.2 Photoionization spectrum for the ground state 
of perylene chromphores anchored on rutile TiO2 
(110) 
With Pe’ chromophores anchored on the rutile sur-
face the UPS spectrum showed a new pronounced 
peak to the low energy side of the UPS spectrum of 
the rutile crystal. The peak arose from photoioniza-
tion of the ground state of perylene. It is shown in 
figure 3 for Pe’ anchored via propionic acid on the 
rutile TiO2 (110) surface. The photoionization  
energy for the ground state of the perylene chromo-
phore near the TiO2 surface (6⋅3 eV) is decreased by 
about 0⋅6 eV compared to the photoionization  
energy of 6⋅9 eV for the perylene chromophore in 
the gas phase.
37
 This shift is ascribed to screening by 
the π-electrons in the neighbouring perylene chro-
mophores. Screening in a close packed 2-dimensional 
layer of aromatic molecules facilitates in most sys-
Test of theoretical models for ultrafast heterogeneous electron transfer 
 
565
tems a decrease in the ionization energy by about 
1⋅5 eV.
38
 In the present system the shift is smaller 
due to the greater distance from the perylene 
neighbours which is brought about by the lateral 
spacer groups (tertiary butyl). There might be addi-
tional smaller contributions to the screening coming 
from the electrons in the adjacent TiO2 electrode and 
from the polarization of the TiO2 electrode which 
has an optical dielectric constant of about 7 and a 
static dielectric constant of 170.
39
 The chemical na-
ture of the anchor–bridge group has little influence 
on the shape of the ionization peak since the latter 
was similar with all the different anchor–bridge 
groups that we have investigated. The onset energy 
corresponding to the HOMO position in the band 
gap of TiO2 (compare below) was shifting by smaller 
amounts in the range of 0⋅1–0⋅2 eV according to the 
specific anchor–bridge group employed. It should be 
noted that the work function of the rutile TiO2 (110) 
surface decreased on adsorption of the anchor–
bridge groups by 0⋅5 to 0⋅7 eV. The decrease in the 
work function was caused by a corresponding shift 
in the vacuum level.
7
 From electrochemical  
experiments it is well-known that there is a down-
ward shift of the band edges of TiO2 with respect to 
the energy of a reference electrode when the acidity 







Figure 3. Ionization spectrum of Pe’ chromophores  
anchored via propionic acid on the rutile TiO2 (110) sur-
face. The inset shows the complete ultraviolet photoelec-
tron (UP) spectrum of the clean TiO2 (110) surface. The 
dashed curves show the decomposition into individual 
Gaussians and the thin smooth curve (red) the resultant fit 
to the peak including the exponential background. Further 
details are explained in the text. 
 The UP spectrum showed for the present systems 
in ultra-high vacuum that there was no noticeable 
band bending on adsorption of the anchor–bridge 
groups, i.e. the conduction band remained essen-
tially flat near the surface.
41
 The ionization peak  
appearing at the red side of the UP spectrum (figure 
3) of rutile TiO2 (110) due to Pe’ chromophores an-
chored via the propionic acid was fitted with 5 
Gaussians. The peak positions of the individual 
peaks were placed at an energy distance of 0⋅17 eV. 
The latter energy was chosen in accordance with the 
apparent vibrational structure of low resolution 
perylene spectra.
12
 Convoluting the spectrum com-
posed of the individual peaks with the energy reso-
lution of 80 meV of our UPS apparatus and adding 
the exponential background that stems from the  
valence band of TiO2 resulted in a single apparent 
broad peak represented by the smooth (red) curve in 
figure 3. There was a two-fold motivation for choos-
ing this fit procedure. First, the photoionization 
spectrum of perylene in the gas phase shows vibra-
tional structure with this energy spacing of 
0⋅17 eV.
37
 Second, the linear absorption spectrum of 
perylene anchored on rutile (figure 2) and more ob-
viously on anatase TiO2 showed vibrational struc-
ture with the same energy spacing.
12
 The fit shown 
in figure 3 illustrates the following physical picture 
of the photoionization process. Photons with excess 
energy with respect to the photoionization threshold 
generate the ionized state of perylene in a vibration-
ally excited state. The increasing apparent binding 
energy at the abcissa of figure 3 for consecutive in-
dividual Gaussians shown to the high energy side of 
the first Gaussian does not stem from photoioniza-
tion of different electronic states with increasing 
binding energy but represents an increasing vibra-
tional excitation for the ionized perylene chromo-
phore on photoionization. The electronic energy of 
the ionized perylene in its vibrational ground state; 
HOMO, corresponds to the position of the 0–0 tran-
sition, i.e. to the first Gaussian with the lowest 
photoionization energy in the spectrum. The 
photoionization spectrum of the anchored perylene 
chromophores differs from the absorption spec-
trum
12
 and from the photoionization spectrum in the 
gas phase
37
 by a larger half-width for the individual 
Gaussian peaks and also in the energy where the 
maximum amplitude occurs. In the photoionization 
spectrum shown in figure 3 the peak with maximum 
amplitude corresponds to the 0–3 and 0–4 vibra-
tional transitions whereas in the absorption spec-
trum
12
 and in the photoionization spectrum in the 





 the first peak attains the highest ampli-
tude which corresponds to the 0–0 transition. The 
shift of the maximum amplitude to a higher vibra-
tional excitation of ionized perylene is ascribed to a 
larger value for the reorganization energy of pery-
lene anchored on TiO2 compared to perylene in the 
gas phase. Placed near the TiO2 surface the perylene 
chromophore must undergo a larger change in the 
equilibrium nuclear coordinates on ionization than 
the isolated perylene chromophore in the gas phase. 
Also, the different shape of the absorption spec-
trum
12
 shows that the shift in the nuclear equilibrium 
coordinates on the TiO2 surface must be much larger 
for ionized perylene than for perylene in the first  
excited singlet state. The interaction between the 
positive charge on the ionized perylene and the sur-
face of TiO2 must be much stronger than that of the 
dipole moment in the first excited singlet state of 
perylene. We are not aware of any theoretical calcu-
lation that has addressed this behaviour for the pre-
sent system but the effect is not surprising in view 
of the strong electronic and static polarizability of 
TiO2
39 and the fact that the response to a change in 
the electric charge should be stronger than to a 
change in the dipole moment. The strong change  
occurring in the nuclear equilibrium coordinates on 
ionization of perylene near the TiO2 surface is un-
derlined by the fact that a fifth vibrational peak with 
large amplitude is required for the fit in figure 3 in 
contrast to the much smaller amplitude of the corre-
sponding fifth vibrational peak in the linear absorp-
tion spectrum of perylene anchored on TiO2.
12
 The 
FWHM of 180 meV required for the individual 
Gaussian indicates considerable inhomogeneous 
broadening on the surface of the rutile TiO2 single 
crystal even though the chromophores show a strong 
alignment with respect to the crystal axes and a clear 
orientation of the long axis of perylene with respect 
to the surface plane which is controlled by the bonds 
formed by the respective anchor group.
30
 
3.3 Time dependence of the injected electrons 
Figure 4 shows four different 2PPE transients that 
were obtained as cross sections cut parallel to the 
time axis through the respective 2PPE contour plots 
(compare figure 1). The cross sections are cut along 
the peak amplitude of the respective signal which is 
maintained along the center of the contour plot. The 
transients in figure 4 contain two different contribu-
tions with consecutive onsets on the time axis, i.e. 
the contribution (population) of the excited singlet 
state of the chromophore (dash-dotted red curves) 
and that of the electrons injected from this molecular 





Figure 4. Transient 2PPE signals for Pe’ chromophores anchored on TiO2 (110) with four different 
anchor–bridge groups given as the respective inset along with the respective injection time constant 
derived from a fit to the data. Details are explained in the text. 
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 To obtain a fit to the experimental 2PPE transient 
the time dependence of the reactant state (excited 
chromophore) can be modelled as a monoexponen-
tial decay and that of the product state (injected elec-
tron) correspondingly as a monoexponential rise, 
both of course with the same time constant and each 
contribution convoluted with the time response of 
the apparatus. Thus the obtained electron transfer 
time constants given as insets in figure 4 are in good 
agreement with the time constants obtained with the 
same Pe’ compounds adsorbed on the surface of ana-
tase colloids in a nano-structured layer, also meas-
ured in ultra-high vacuum.
6,7
 One can see smaller 
deviations from monoexponential behaviour in the 
transient absorption data,
6
 and there is some room 
for smaller deviations also in the fit to the 2PPE 
transients shown in figure 4. Such deviations remain 
small, however, and it is not clear whether they are 
due to the fact that the measurements are probing an 
inhomogeneous ensemble or whether they are of a 
more principle nature. Deviations from monoexpo-
nential behaviour have been suggested by recent 
theoretical studies.
28
 Depending on the specific an-
chor–bridge group the injection time varied for the 
four cases displayed in figure 4 between 9 fs and 
165 fs. The injection time has been extended to 1 ps 
when the Pe’ chromophore was attached to TiO2 via
the so called tripod anchor–bridge group containing 
adamantane as an electronic tunneling barrier.10 It is 
evident from figures 1 and 4 that the energy distri-
bution of the injected electrons can be obtained as a 
cross section cut parallel to the energy axis through 
the 2PPE contour plot and that the respective time 
has to be chosen such that only the injected elec-
trons are addressed, i.e. at the time when the peak of 
the contribution of the injected electrons is occur-
ring or later. It was checked in several 100 fs long 
time windows that the energy distribution of the  
injected electrons remained virtually constant, i.e. 
there was no significant energy loss occurring for 
the electrons in the initial acceptor states on the sur-
face prior to the electrons escaping into the bulk.
7
 
Energy relaxation processes for the electrons in the 
primary acceptor states on the TiO2 surface with 
chemisorbed anchor groups turned out much slower 
than for hot electrons that were photogenerated in 
the form of electron-hole pairs in the bulk of TiO2.
7
 
3.4 Energy distribution of the injected electrons 
and non-adiabatic mechanism of ultrafast  
light-induced HET 
The energy distribution of the injected electrons 




Figure 5. Energy distribution of the injected electrons for Pe’ chromophores anchored with four different 
anchor–bridge groups (insets) on the rutile TiO2 (110) surface. Details are given in the text. 
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parallel to the energy axis through the respective 
2PPE contour plots (figure 1) taken at the time at 
which the contribution from the injected electrons to 
the 2PPE signal attained its maximum amplitude 
(compare figure 4). 
 It was found that the shape of the energy distribu-
tion curve was retained for at least 200 fs. A possi-
ble energy relaxation occurring on a longer time 
scale was difficult to detect since the amplitude of 
the 2PPE signal vanished due to the escape of the  
injected electrons into the bulk. The escape process 
brought the electrons out of the escape depth probed 
by the 2PPE signal.
20
 There is considerable qualita-
tive similarity between the energy distribution seen 
in the UPS spectrum, corresponding to photoioniza-
tion of the ground state of the anchored chromopho-
res (figure 2), and the 2PPE spectrum for the 
injected electrons (figure 5). In both cases the product 
state is a vibrationally excited ionized chromophore 
but in the first case the other product state is the 
electron in a vacuum state whereas in the second 
case the injected electron is located in an acceptor 
state on the surface of the semiconductor.
7,24
 The 
simplest assumption about the matrix element  
describing the electronic interaction between the  
excited molecular electronic donor state and empty 
electronic states of the semiconductor is a constant 
value over the whole energy range spanned by the 
conduction band.
24,42
 Ab initio calculations have 




 The width of the energy distribution for the  
injected electrons is controlled by the Franck–Condon 
factors for generating a vibrationally excited ionized 
chromophore. In the wide band limit this leads for 
only one dominant mode with energy 0⋅17 eV to a 
corresponding energy width n × 0⋅17 eV, where n is 
the highest vibrational excitation of the ionized  
chromophore corresponding to a finite value of the 
corresponding Franck–Condon factor. To fit the en-
ergy distribution in the 2PPE signal five Gaussians 
were required with energy spacing of 0⋅17 eV. The  
maximum amplitude appeared for the fourth peak. 
This decomposition is very similar to that of the 
UPS spectrum (figure 3). The Gaussian with the 
highest energy relative to the conduction band edge 
in the distribution curve for the injected electrons 
matches the energy of the Gaussian for the excited 
molecular donor level. The latter is obtained from 
the energy of the highest energy peak in the respec-
tive UPS spectrum, i.e. the HOMO level, by adding 
the photon energy absorbed by the anchored chrom-
phore. Electron injection from the vibrational  
excited electronic molecular donor state inserts the 
electron into isoenergetic electronic acceptor states 
on the crystal surface and below. The specific case 
illustrated in figure 6 is electron injection from the 
vibrational ground state of the electronic excited 
molecular donor level, where isoenergetic electron 
transfer is illustrated by the highest black arrow 
pointing toward the semiconductor surface. Photo-
ionization of the excited molecular donor state via 
electron injection gives rise also to a vibrationally 
excited ionized chromophore as the molecular product 
state. In the latter case the energy of the injected 
electron is lower by the respective energy required 
for vibrational excitation of the ionized chromo-
phore. This is illustrated by the second highest black 
arrow pointing toward the semiconductor surface in 
figure 6. Correspondingly, higher vibrational excita-
tion of the ionized chromophore by multiples of the 
dominant vibrational energy mode, i.e. by n × 
0⋅17 eV with n = 0, 1, 2, 3, 4, lowers the energy of 
the injected electron by the respective amount as  
illustrated by the other black arrows in figure 6. We 
address the ultrafast ET reactions as non-adiabatic 




Figure 6. Illustration of the fully quantum mechanical 
injection model explained in the text. 
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electronic level 680 meV below the donor level 
compared to the electronic interaction energy of 
13 meV for this system. 
 It should be noted here that the fully quantum me-
chanical model
24–27,42
 retains all the Franck–Condon 
factors for vibrational excitation of high energy 
quantum vibrational modes in the ionized molecular 
product state irrespective of the strength of the elec-
tronic interaction. Previously, it was often assumed 
that the latter feature was restricted to weak elec-
tronic interaction since it was presented only in the 
framework of quantum mechanical perturbation 
treatments. The fully quantum mechanical model of 
ultrafast HET retains this feature of non-adiabatic 
electron transfer also for strong electronic coupling. 
In the fully quantum mechanical model of HET 
there is no automatic transition to adiabatic electron 
transfer for high electronic coupling strength and the 
excitation of high energy vibrational modes can not 
be ignored. This feature is in strong contrast to 
Gerischer’s HET scenario
1,31,51
 and also to the Dun-
can–Prezhdo HET model
29
 which both ignore the 
excitation of high energy vibrational modes and 
consider only adiabatic HET pathways or non-
adiabatic paths involving excitation of phonons with 
very small energy. Light-induced non-adiabatic HET 
is ultrafast, i.e. it occurs on a timescale of a few fs in 
the present system, provided the chromophore is at-
tached via a sufficiently short anchor group, e.g.  
–COOH and the system fulfills the wide band limit. 
The different anchor–bridge groups entail smaller 
differences in the energy of the excited molecular 
donor level, i.e. in the energy of the first (highest 
energy) peak in the 2PPE spectrum for the injected 
electrons (figure 5). Those differences arise from 
corresponding differences in the HOMO levels for 
the perylene chromophore adsorbed via different  
anchor–bridge groups. Only the width of the Lor-
entzian contribution to an individual peak depends 
on the electron transfer time whereas the total width 
is dominated by the Franck–Condon progression 
(figure 4). Thus, the total width of the energy distri-
bution is virtually independent of the strength of the 
electronic interaction between the excited molecular 
donor state and the electronic acceptor states on the 
semiconductor surface. The wide band limit is ful-
filled in the present system
42
 if the electron can find 
a suitable electronic acceptor state on the semicon-
ductor surface for every possible vibrational excita-
tion of the ionized chromophore, i.e. all the possible 
Franck–Condon factors for vibrational excitation of 
the ionized chromophore can be realized. To fulfill 
the wide band limit the corresponding wide energy 
range of electronic acceptor states must be offered 
between the excited molecular donor level and the 
lower edge of the conduction band (figure 6). The 
measured energy distributions shown in figure 5 
suggest a cut-off at the low energy side of the spec-
trum but the missing part of the spectrum is ex-
pected to be fairly small, so that the wide band 
limit
42,43
 is valid to a good approximation in these 
experimental systems. The injection scheme in fig-
ure 6 is a pictorial representation of the fully quan-
tum mechanical model of photo-induced HET for 
both the electronic and the vibrational degrees of 
freedom.
24,42
 Note in figure 6 the energy width of the 
donor state is much smaller than that for the distri-
bution of the injected electrons. Note also the energy 
shift between the centers of the two different distri-
butions. Both these features are distinctly different 
from the predictions according to Gerischer’s HET 
scenario
1,31,51
 and those of the Duncan–Prezhdo HET 
model
29
 which both allow essentially only for adia-
batic electron transfer resulting in identical energy 
distributions curves for the molecular donor state 
and the injected electrons. Parameter values for the 
fully quantum mechanical model are obtained from 
a fit to experimental data
12
 or from independent cal-
culations, e.g. DFT calculations.
13,28
 The behaviour 
of the system has also been calculated for situations 
where the wide band limit is not fulfilled.
44
 The 
main effect of moving the excited molecular donor 
level closer to the lower edge of the conduction 
band is the loss of the simple exponential decay  
behaviour which is then substituted by a more com-
plex oscillation in the amplitude due to interferences 
and by non-exponential decay. Recently, the rela-
tionship between the measured 2PPE signal and the 
energy distribution of the injected electrons has been 
calculated using a tight binding model for the semi-
conductor.
32
 Our group has described experimental 
transients indicating an influence of vibrational 
wavepacket motion in the excited molecular donor 
state on the electron transfer process.
45
 Our more  
recent experiments, however, were carried out with 
better control over the preparation procedure for the 
experimental systems and with higher time resolu-
tion. They did not substantiate the above notion, nei-
ther in the transient absorption measurements
6
 nor in 
the 2PPE transients (figure 4). Rapid transfer of the 
injected electrons from the initially occupied surface 
states to bulk states of TiO2 has been measured
20
 and 
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are in agreement with the predictions of sophisti-
cated TDDFT model calculations.
46–48
 It should be 
noted that the above model of photo-induced HET as 
illustrated in figure 6 is essentially a non-adiabatic 
mechanism which can also accommodate the ultra-
fast time scale,
42,24
 e.g. the measured 9 fs electron 
transfer time for the perylene chromophore attached 
to TiO2 (110) via the –COOH anchor group (figure 
4).
6
 Previously, for thermal ET reactions it had been 
assumed quite generally that non-adiabatic electron 
transfer is slower and adiabatic electron transfer is 
faster.
49
 It should be noted that for a given anchor 
group the same line-width broadening due to ultra-
fast electron transfer has been measured for all the 
vibrational peaks in the linear absorption spectrum 
of the Pe’ chromophore anchored on TiO2.
12
 Thus, 
electron transfer occurs with the same time constant 
from all the different vibrationally excited levels of 
the molecular donor state. Intramolecular redistri-
bution of vibrational excitation energy (ivr) is much 
slower for the perylene chromophore than ultrafast 
electron transfer if the chromophore is attached via a 
short anchor group to the surface of TiO2. In the 
case of perylene the time scale of ivr is pico-
seconds
45
 and that for HET is femtoseconds with a 
short anchor group (figure 4). For simplicity only 
electron transfer from the vibrational ground state of 
the excited molecular donor level has been illu-
strated in figure 6 for a moderately fast injection 
process corresponding to Pe’-propionic acid on 
TiO2. If the figure would be changed to show a Lor-
entzian line-width of 70 fs in the Voigt profile char-
acterizing the excited molecular donor state it would 
apply also to the fastest injection process of 9 fs 
measured with Pe’-COOH (figure 4). 
 The most widely used scenario of HET in photo-
electrochemistry has been introduced by Gerischer 
in 1972.
31
 It has remained popular until today.
50
 This 
scenario is often applied in the form of a pictorial 
representation of the energetics of HET with charac-
teristic differences to figure 6. At the time when the 
model was conceived reliable experimental data was 
not available for adsorbed dye molecules. The reor-
ganization energy for dye molecules adsorbed on the 
surface of a semiconductor was not known and  
assumed in the range 0⋅4 eV.
1
 Since excitation of 
high energy vibrational modes (quantum modes) 
was not considered in Gerischer’s injection model 
the latter predicted an energy distribution for the 
molecular donor state in the shape of a smooth 
Gaussian.
31
 The Gaussian energy distribution of the 
electronic excited donor state was considered the  
result of thermal fluctuations of small energy  
nuclear modes.31,51 Electron transfer was assumed 
essentially isoenergetic and thus the energy distribu-
tion of the injected electrons was virtually identical 
with that for the molecular excited donor state. In 
this respect Gerischer´s scenario implied adiabatic 
HET, i.e. the energy distribution for the excited do-
nor level is identical to that for the injected elec-
trons. Until today the Gerischer scenario is frequently 
used in the photoelectrochemical literature.
50
 In 
principle an energy distribution curve in the form of 
a Gaussian is compatible also with the shape of the 
energy distribution curve for the injected electrons 
in a semiclassical non-adiabatic HET model. In the 
non-adiabatic mechanism, however, the energy dis-
tribution for the injected electrons is shifted to lower 
energies with respect to the energy distribution for 
the molecular donor state since the HET reaction  
involves reorganization energy due to the shift in 
nuclear equilibrium coordinates on photoionization 
of the molecular reactant. The shift and the width of 
the energy distribution (spectrum) for the injected 
electros are governed by two main factors. Firstly, 
the magnitude of the reorganization energy, and sec-
ondly the energy width covered by all the Franck–
Condon factors for excitation of vibrational modes 
(compare figure 6). In contrast, Gerischer’s model 
assumes the energy distribution for the injected elec-
trons isoenergetic with that for the molecular donor 
state.
31
 For an adiabatic HET mechanism the latter 
assumption should be fulfilled. 
 A profound theoretical justification of a Gerischer-
type scenario for the energy distribution of the  
excited adsorbed molecular donor state and for that 
of the injected electrons has recently been presented 
by Duncan and Prezhdo in the form of a TDDFT 
(time dependent density functional theory) model 
where the electronic interaction was calculated with 
an ab initio approach and the role of the nuclear co-
ordinates in the reaction scenario stemmed from a 
molecular dynamics calculation.
29
 Their calculations 
addressed a specific system, the sensitizer alizarin 
on TiO2, where the donor state lies close to the 
lower edge of the conduction band. The model  
calculations show that thermal fluctuations of small 
energy nuclear coordinates can indeed give rise to a 
broad inhomogeneous energy distribution for the 
molecular donor state, i.e. with 0⋅4 eV FWHM at 
350 K for the alizarin/TiO2 system, as has been  
intuitively assumed by Gerischer.
51
 The energy dis-
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tribution of the injected electrons was found to be 
about the same energy width and essentially 
isoenergetic with that of the photoexcited molecular 
donor state. Note that this is in stark contrast to  
figure 6. A complication arises from the cut-off aris-
ing at the conduction band edge. The analytical fully 
quantum mechanical model incorporating a high  
energy vibrational mode predicts for the donor state 
lying close to the edge of the conduction band that 
the simple exponential decay behaviour valid in the 
wide band limit is lost here, instead there are oscilla-
tions in the population of the injected electrons due 
to interferences and non-exponential decay.
44
 We 
would like to reiterate that the fully quantum  
mechanical injection model of reduced dimen-
sions
24–27,42
 gives a prediction very different from 
the Gerischer scenario in the wide band limit since 
the energy distribution of the injected electron is 
shifted to lower energies compared to the energy 
distribution of the excited molecular donor state and 
it is much wider. The latter prediction is in agree-
ment with the experimental data measured with sys-
tems that fulfill the wide band limit. The results are 
illustrated in figure 6. Note that the fully quantum 
mechanical non-adiabatic model is not restricted 
with respect to the strength of the electronic interac-
tion,
24–27,42
 quite different from the previously cus-
tomary perturbation treatment of non-adiabatic 
electron transfer. It can predict the experimental  
injection times of a few femtoseconds (figure 4)
5–9
 
in the wide band limit and also for the donor state 
lying close to the edge of the conduction band.
24
 For 
ultrafast HET according to the fully quantum  
mechanical model the energy width of the molecular 
donor state can be much smaller than the width of 
the energy distribution for the injected electrons as 
illustrated in figure 6. Recently, DFT calculations of 
the electronic interaction have been used for deter-
mining parameter values for a fully quantum me-
chanical injection model of reduced dimensions.
28
 
Light-induced ultrafast HET at a metal electrode
14
 
might even be more involved than at a semiconduc-
tor electrode since in addition to the excitation of a 
high energy vibrational mode in the molecular prod-
uct state also non-adiabatic excitations of electrons 
in the metal electrode
52
 might play an important 
role. We would like to mention here that a fully 
quantum mechanical model of heterogeneous elec-
tron transfer without the restriction to weak elec-
tronic interaction has recently been described also 
for HET reactions in the dark.
53
 The width of the en-
ergy distribution for the injected electrons shown in 
figure 6 stems from the vibrational progression due 
to excitation of a high energy (0⋅17 eV) vibrational 
mode (quantum mode) in the ionized perylene 
chromophore. The electron localized on the chro-
mophore is strongly coupled to this high energy  
vibrational mode. Excitation of the latter is accom-
panied by electron injection into electronic acceptor 
states that lie far below the molecular donor state. 
This non-adiabatic feature of the fully quantum  
mechanical injection model can be pictured in anal-
ogy to the emission of a wide fluorescence spectrum 
from a narrow excited electronic state. The energy 
width of the generated spectrum, i.e. for the injected 
electrons and for the emitted photons, respectively, 
stems in both cases from the realization of all the 
Franck–Condon factors for exciting the high energy 
vibrational mode. In the case of HET this requires 
the validity of the wide band limit.
42
 The width of 
the energy distribution curve for the injected elec-
trons depends insignificantly on the injection time, 
i.e. it is virtually independent of the strength of the 
electronic coupling (figures 4 and 5). 
 Consequences of the wide band limit
43
 are firstly 
exponential decay of the excited state population, 
provided the density of acceptor states does not vary 
extremely over energy, and secondly an electron 
transfer time that does not depend on the magnitude 
of the Franck–Condon factors even though the latter 
control the energy distribution of the injected elec-
trons.
24
 The Franck–Condon factors are all realized 
in parallel and the sum over the Franck–Condon fac-
tors yields probability 1
54
 so that the electron trans-
fer time is only controlled by the strength of the 
electronic coupling and the density of the electronic 
acceptor states.
24
 Accordingly, the electron injection 
time has been calculated for experimental systems 
fulfilling the wide band limit from the joint density 
of electronic states formed at the interface in the 
presence of the anchored chromophores. Applying 
Newn’s chemisorption model
43
 to the width of the 
electronic donor level of the adsorbed chromophore 
the injection time has been deduced from the joint 
density of states.
13
 We have mentioned already that 
the above simplification does not apply if the  
molecular donor level lies only slightly above the 
conduction band edge, e.g. by only the energy width 
corresponding to the strength of the electronic cou-
pling. For the conduction band to accommodate the 
whole spectrum of the injected electrons the electronic 
donor level must lie sufficiently high (figure 6). 




Our above interpretation of the measured 2PPE 
spectra, i.e. injection of electrons into the electronic 
acceptor states on the surface of the semiconductor 
(figure 5), and also of the UPS spectra, i.e. ioniza-
tion of the ground state of the perylene chromopho-
res anchored on TiO2 (figure 3), is based on the 
known vibrational structure in the ionization spec-
trum of perylene in the gas phase
37
 and on the meas-
ured vibrational structure in the linear absorption 
spectrum of the perylene chromophores when  
attached via anchor–bridge groups to the surface of 
TiO2 (figure 2).
12
 Our interpretation of these spectra 
assumes that these seemingly smooth spectra are 
composed of individual vibrational peaks arising 
from the excitation of a dominant 0⋅17 eV vibra-
tional mode of the perylene chromophore. The seem-
ingly smooth spectra are the result of inhomogeneous 
broadening that is even stronger than measured for the 
linear absorption spectrum of the chromophores an-
chored on the surface of TiO2 (figure 2). 
 The experimental data can be explained com-
pletely with the fully quantum mechanical model 
where electron transfer is non-adiabatic irrespective 
of the strength of the electronic coupling.
24–28,42
 One 
might argue that our experimental data do not refute 
conclusively the alternative interpretation described 
above as the Duncan/Prezhdo model
29
 which under-
scores the Gerischer scenario.
31
 Adiabatic or close to 
adiabatic electron transfer is considered in the latter 
two models and the excitation of high energy vibra-
tional modes, e.g. the 0⋅17 eV skeletal stretch mode 
of perylene, in the HET reaction and the correspond-
ing influence on the spectra is ignored. Following 
the Gerischer scenario one could argue that the con-
siderable width of the smooth room temperature 
spectra, UPS for the molecular ground state (figure 
3) and 2PPE for the injected electrons (figure 5), 
could be the result of thermal fluctuations of classi-
cal nuclear coordinates leading at least at room tem-
perature to an enormous broadening of the respective 
molecular states, as substantiated by the Duncan/ 
Prezhdo calculations for the excited molecular 
state.
29
 Making the latter assumption the energy 
width measured for the injected electrons (figure 5) 
would have to be identified with the energy width 
for the molecular donor state. This assumption is re-
futed, however, by the much narrower energy width 
for the donor state compared to the energy width for 
the injected electrons (compare the peak width in 
figure 2 with that in figure 5). Moreover, there is an 
energy shift between the two different energy distri-
butions which follows automatically from non-
adiabatic electron transfer described by the fully 
quantum mechanical model (figure 6) but can not be 
explained making the assumption of adiabatic or  
close to adiabatic HET as in the Gerischer scenario 
or the Duncan/Prezhdo HET model.
29
 Fitting the 
broad spectra for the injected electrons with the vi-
brational progression due to excitation of the 
0⋅17 eV vibrational skeletal stretch mode of pery-
lene appears at hand since the same vibrational 
mode shows up prominently as vibrational structure 
in the photoionization spectrum in the gas phase
37
 
and also in the linear absorption spectrum of the 
perylene chromophores anchored on TiO2 (figure 
2).
12
 In our opinion the interpretation of the experi-
mental spectra within the non-adiabatic fully quan-
tum mechanical analytical model for light-induced 
ultrafast HET, considering explicitly strong coupling 
to the 0⋅17 eV skeletal stretch mode of perylene, is 
the valid interpretation of the measured spectra. In 
summary, we suggest here that light-induced HET 
from the aromatic chromophore perylene, anchored 
on the surface of the semiconductor TiO2 via a short 
molecular group, e.g. –COOH, proceeds in the wide 
band limit as an ultrafast non-adiabatic electron 
transfer reaction. 
 A final definitive experimental proof for the non-
adiabatic mechanism of ultrafast light-induced 
HET
24–28,42
 can be obtained from measurements of 
the above shown spectra (figures 2 and 5) at low 
enough temperatures where the small energy classi-
cal nuclear modes are frozen so that these oscillators 
can not produce a wide energy distribution for the 
excited molecular state. Thus, the Duncan/Prezhdo 
model predicts that the energy distribution curve for 
the excited molecular donor state and correspond-
ingly that for the injected electrons should become 
significantly narrower at low temperatures.
29
 In con-
trast, the total energy width controlled by the vibra-
tional progression for the excitation of a high energy 
vibrational mode should not depend significantly on 
temperature, i.e. the non-adiabatic fully quantum 
mechanical model of HET would not predict a signi-
ficant narrowing of the total width (envelope) for the 
energy distribution curve of the injected electrons at 
low temperatures (figure 5). 
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